the basis for modeling the open and closed conformations of the channel.
Introduction
In eukaryotes, voltage-gated sodium channels (Navs) are responsible for the propagation of action potentials in excitable cells. Mutations in human Navs result in a wide range of neurological and cardiovascular diseases, making them important therapeutic targets. As such, there has been great interest in their structure. However, the large size and complexity of eukaryotic Navs has made them impractical targets for structural studies. Much of our current knowledge of Nav structures comes from the simpler prokaryotic Nav orthologues, which form homotetramers from four identical subunits (as opposed to pseudotetramers composed of four homologous domains of a single polypeptide in eukaryotic Navs). The crystal structures of a number of prokaryotic Navs determined in recent years (Payandeh et al. 2011; McCusker et al. 2012; Zhang et al. 2012; Shaya et al. 2014) have greatly expanded our understanding of their structurefunction relationships [reviewed in (Catterall 2014) ]. However, with one exception (Shaya et al. 2014 ), the C-terminal domains (CTDs) (beyond the last transmembrane helix) of all of the orthologues studied were not visible in the crystal structures, despite their being physically present in the protein constructs studied. Synchrotron radiation circular dichroism (SRCD) and electron paramagnetic resonancepulsed double electron resonance (DEER) spectroscopic studies, and in silico analysis of two of the functionally Abstract Crystallographic and electrophysiological studies have recently provided insight into the structure, function, and drug binding of prokaryotic sodium channels. These channels exhibit significant sequence identities, especially in their transmembrane regions, with human voltage-gated sodium channels. However, rather than being single polypeptides with four homologous domains, they are tetramers of single domain polypeptides, with a C-terminal domain (CTD) composed of an inter-subunit four helix coiled coil. The structures of the CTDs differ between orthologues. In NavBh and NavMs, the C-termini form a disordered region adjacent to the final transmembrane helix, followed by a coiled-coil region, as demonstrated by synchrotron radiation circular dichroism (SRCD) and double electron-electron resonance electron paramagnetic resonance spectroscopic measurements. In contrast, in the crystal structure of the NavAe orthologue, the entire C-terminus is comprised of a helical region followed by a coiled coil. In this study, we have examined the CTD of the NsvBa from Bacillus alcalophilus, which unlike other orthologues is predicted by different methods to have different types of structures: either a disordered region adjacent to the transmembrane region, followed by a helical coiled coil, or a fully helical CTD. To discriminate between the two possible structures, we have used SRCD spectroscopy to experimentally determine the secondary structure of the C-terminus of this orthologue and used the results as active orthologues, NavBh (otherwise known as NaChBac, from Bacillus halodurans), and NavMs (from Magnetococcus magnus), indicated that their C-terminal domains consisted of a distal coiled coil, connected to the intracellular C-terminal end of the final transmembrane segment (designated S6) by a flexible, disordered "neck" region (Powl et al. 2010; Bagnéris et al. 2013) (Fig. 1, left) . In the latter case, because there was also a crystal structure of the open state NavMs pore, it was possible to discern where the CTD structure proposed based on spectroscopy methods would fit within the disordered region in seen in the NavMs crystal (Bagnéris et al. 2013) . The presence of disordered regions between S6 and the C-terminal coiled coil contrasted with the CTD visible in the closed form crystal structure of the NavAe orthologue from Alkalilimnicola ehrlichei, in which an almost completely helical neck region preceding the C-terminal coiled coil could be seen (Shaya et al. 2014) (Fig. 1, right) . Interestingly, NavAe only exhibited measurable conductance in constructs in which the "neck" helical region was mutated, whereas both wild-type NavBh and NavMs supported conductance (Ren et al. 2001; Bagnéris et al. 2013) .
In order to examine the structure of another prokaryotic Nav C-terminus which might be fully helical, we performed in silico structural analyses. The recently characterized Nav orthologue NsvBa (DeCaen et al. 2014 ) was identified by PSIPRED secondary structure prediction as having a neck region likely to be helical. However, DIS-OPRED disorder prediction found the same region to be above the significance cut-off value for disorder prediction. This is unlike all other orthologues with structurally characterized C-termini, of which the PSIPRED and DISOPRED structural predictions agree with each other (and with the experimental data) as to the disordered/helical state of the neck region. Using a homology modeling approach, two NsvBa models were developed, one with a helical neck, and the other with a disordered neck. Synchrotron radiation circular dichroism spectroscopy of a series of C-terminal truncation constructs was then performed to characterize the secondary structural contents of the NsvBa C-terminus. This demonstrated that in NsvBa the neck region connecting the C-terminus to the pore is disordered, while the distal region of the C-terminus is helical, as in the NavMs and NavBh orthologues. These results may also support the model that the state of the C-terminus may influence the functional features and equilibria between channel conformational states (Bagnéris et al. 2013) , which furthermore may be inter-convertible and in equilibrium depending on their environment.
Materials and methods

Materials
The NsvBa gene (DeCaen et al. 2014 ) was provided by Drs. Paul DeCaen and David Clapham (Harvard Medical School) . A pore-only construct starting from residue 138 (with the addition of a preceding start codon) was cloned into the pET-15b vector using NdeI/BamHI restriction sites. Truncation constructs were generated via site-directed mutagenesis, by mutating the listed residue number (265, 259, 250, 239 , and 234) into a stop codon (Fig. 2) .
Protein purification
Cell growth and membrane preparations were performed as previously described for NavBh (Powl et al. 2010) , with the following modifications: protein was eluted using a gradient of 80-500 mM imidazole, and purified samples were concentrated in a 50-kDa molecular weight cut-off concentrator (Pierce, Leicestershire, UK). Gel filtration chromatography was performed in 20 mM sodium phosphate, The open form has a disordered neck with a helical coiled-coil C-terminus, while the closed form has a helical neck with a coiled-coil C-terminus. Only two monomers of each tetramer are shown for clarity. The S5 helices are in pink, the S6 helices in blue, the neck regions in cyan, and the coiled coils are in orange. b Corresponding structures of NavMs (crystal/ DEER spectroscopy) (Bagnéris et al. 2013 )/NavBh (SRCD spectroscopy) (Powl et al. 2010) , and NavAe (crystal) (Shaya et al. 2014) , in which the four monomers in each tetramer are depicted in different colors pH 7.8, 0.02 % dodecyl maltoside (DDM), 50 mM NaCl, the conditions under which all of the SRCD measurements were conducted. Protein yields were between 0.1 and 0.5 mg from 30 l of culture. The predicted molecular masses of the NsvBa constructs are as follows: NsvBa 138-277: 16.1 kDa; NsvBa 138-264 (Δ265): 14.6 kDa; NsvBa 138-228 (Δ259): 13.8 kDa; NsvBa 138-249 (Δ250): 12.7 kDa; NsvBa 138-238 (Δ239): 11.5 kDa; NsvBa 138-233 (Δ234): 10.9 kDa. Full-length protein identity was confirmed by fragmentation mass spectrometry of the 277 construct (done at the Protein and Nucleic Acid Chemistry Facility, Cambridge University, UK), in which peptides comprising both the N-and C-termini were detected. The Western blots seemed to indicate that the truncated constructs migrate at higher molecular masses than the full-length construct, but it is the full-length construct that migrates at a mass that is apparently too low (and hence why mass spectrometry was used to determine the presence of both termini). This aberrant running of full-length constructs has also been observed for other orthologues (e.g., NaChBac, NavSp) (Nurani et al. 2008; McCusker et al. 2011) .
Synchrotron radiation circular dichroism (SRCD) spectroscopy
The extinction coefficient of each protein construct was calculated from its amino acid sequence utilizing Expasy ProtParam (Gasteiger et al. 2005) , and used to determine the concentration by triplicate measurements of the absorbance at 280 nm on a Nanodrop 1000 UV spectrophotometer (replicate values reproducible to within 1-5 %).
SRCD spectra were collected on the DISCO beamline at the Soleil Synchrotron, France, and on beamline CD1 at the ISA synchrotron, Denmark, and at the CD12 beamline at the ANKA synchrotron, Germany, using protein concentrations in the range of 1-4 mg/ml, in a Suprasil demountable cell (Hellma, Germany), pathlength of 0.01 cm, over the wavelength range from 260 to 175 nm in triplicate, using a 1-nm step size and a dwell time of 2 s. Three baseline spectra, consisting of the corresponding flow-through from the concentration step, were averaged and subtracted from the averaged sample spectra. The resulting spectra were calibrated against a spectrum of camphorsulfonic acid collected after each synchrotron beam fill (Miles et al. 2003) . Data processing was carried out using CDtool software (Lees et al. 2004 ). The spectra were truncated to 180 nm (the wavelength indicated by the HT cut-off criterion (Miles and Wallace 2006) , smoothed with a Savitzky-Golay filter, and scaled to delta epsilon values using mean residue weight values calculated for each construct (114.3, 113.9, 113.4, 12.7, 112.5, and 112.6 for full length, Δ265, Δ259, Δ250, Δ239, and Δ234, respectively, and analyses used the DichroWeb analysis server (Whitmore and Wallace 2008) with the CONTINLL algorithm (Provencher and Glöckner 1981; Van Stokkum et al. 1990) , and the MP180 reference set (Abdul-Gader et al. 2011) .
C-terminal truncation analysis calculations used the helical percentage calculated for each construct. This value was then multiplied by the amino acid length of the construct, and subtracted from the value obtained for the pore with the full-length C-terminus construct (residues 138-277), in each case taking into account the disordered hexahistidine tag. Values shown are the averages from three replicate sets of SRCD measurements. Fig. 2 The NsvBa C-terminal truncation constructs. a Sequences (and nomenclatures) of the NsvBa pore C-terminal truncations created: 277 denotes a (wild type) pore-only construct (in which the voltage sensor has been removed) with a full-length C-terminus; the other constructs are numbered based on the residue at which the construct has been truncated by mutation to a stop codon. The locations of the ends of the S6 helix and the coiled-coil regions are indicated above the sequences. b Western-blot analysis of the NsvBa pore and truncated constructs
Data deposition
Spectral and metadata were deposited in the Protein Circular Dichroism Data Bank (Whitmore et al. 2011 ) with codes CD0005306000 through CD0005333000.
Bioinformatic analyses
Sequence alignments for NsvBa (Uniprot ID J8TM36), NavMs (UniProt ID A0L5S6), NavBh (UniProt ID Q9KCR8), and NavAe (UniProt ID Q0ABW0) were performed using Clustal Omega (Sievers et al. 2011) . Initial homology modeling was performed with the Phyre 2 server using "one 2 one" threading (Kelley et al. 2015) with PDBID 3ZJZ (plus the CTD structure from Bagnéris et al. 2013) for the disordered neck model or 4LTO for the helical neck model, and refined in Modeller (Eswar et al. 2006) . Image generation and further model refinement was performed in Pymol (DeLano 2002). Sequence structure predictions were performed on the PSIPRED server, using the PSIPRED and DISOPRED functions (McGuffin et al. 2000; Ward et al. 2004 ). The COILS server v2.2 (Lupas et al. 1991 ) was used for prediction of the coiled coil, and identification of the heptad repeat positions.
Results
Bioinformatics and modeling of the CTD
The full-length NsvBa, NavBh, NavMs, and NavAe sequences were analyzed using the PSIPRED algorithm, which correctly identified the expected six-transmembrane helices identified in previous structural studies (Payandeh et al. 2011; McCusker et al. 2012; Zhang et al. 2012; Shaya et al. 2014) for all sequences analyzed (data not shown). For NavMs, NavBh, and NavAe, both PSIPRED and DIS-OPRED predictions (Fig. 3 ) correlated with each other and with the experimentally determined secondary structures of their C-termini. For NsvBa, PSIPRED analysis predicted that the C-terminus would consist entirely of a single long helical region, continuing from the end of the S6 helix until near the end of the C-terminus, similar both to what was observed in the NavAe pore structure, and to the PSIPRED Fig. 3 Predictions for secondary structure of the C-termini. The sequences for four orthologues of bacterial sodium channels (NsvBa, NavAe, NavMs, and NavBh) are shown. Predictions were performed on the full-length amino acid sequences, however for simplicity, in this figure the sequences are shown starting from the middle of the S6 helix (the end of S6 is indicated by the dotted vertical line) to the end of the C-termini, starting at the numbered residue listed under the name. The hydrophobic positions of the heptad repeat (positions a and d) are highlighted in grey for predicted coiled-coil regions. In the PSIPRED prediction, residues marked H denote helical predictions, residues marked C denote disordered predictions, with the cylinders above each sequence corresponding to where the predicted helical regions are. In the DISOPRED prediction, residues predicted to be disordered are indicated with a* prediction of the NavAe sequence (Fig. 3) . In contrast, the DISOPRED disorder analysis of the NsvBa sequence for the neck region (residues 236-249) was above the significance cut-off value for intrinsic disorder prediction, similar to what was been observed in predictions and structural studies of NavMs and NavBh (Fig. 3) .
Based on these conflicting predictions, two models of NsvBa were developed: A model with a disordered neck region (Fig. 4, left) was generated using the NavMs pore structure (Bagnéris et al. 2013 ) and a model with a helical neck region (Fig. 4, right) was generated using the NavAe pore structure (Shaya et al. 2014) . It should be noted that in the NavMs crystal structure, the pore was in an open conformation, whereas the NavAe crystal structure had a closed pore. These pore states were retained in the corresponding NsvBa models.
The sequence alignments indicate that while the transmembrane helices are well conserved, there is lower similarity between the C-termini of the orthologues, although a region with a stretch of charged residues within the neck region is conserved. All four sequences display the heptad repeat characteristic of a coiled coil at the end of the CTD (Powl et al. 2010) . This region has previously been shown to be important for expression of the channel, and has been proposed to have a role in channel assembly (Mio et al. 2010 ) and function (Powl et al. 2010) .
SRCD Spectroscopy of the NsvBa pore and its C-terminal truncations
In order to determine which of the models better corresponds with the secondary structure of the NsvBa neck region, SRCD spectroscopic analyses of a series of C-terminal truncations of the NsvBa-pore was performed (Fig. 5a ). SRCD spectroscopy was utilized to determine small differences (high signal-to-noise) in the spectra that produce different secondary structure percentages between truncations, as the required discrimination between small spectral signals could not be achieved with a benchtop circular dichroism spectrophotometer, especially for proteins which require high salt concentrations for stability (and hence necessitate the use of short-pathlength cells).
An N-terminal truncation was used to produce pore-only constructs starting at the 138th residue, prior to the S5 helix (this corresponds with the N-terminal end of the NavMs and NavAe pore constructs) (McCusker et al. 2012; Shaya et al. 2014) . Pore-only constructs (by comparison with full-length channels that also include the voltage-sensor domains) were previously shown to be active (McCusker et al. 2012; Shaya et al. 2014 ) and have virtually identical structures to the pore domains in intact prokaryotic sodium channels (Payandeh et al. 2011) . In this study, they were utilized in order to increase the percentage change seen in secondary structure resulting from serial truncations of the C-terminus. C-terminal truncations designated Δ265, Δ259, and Δ250 (in which the indicated residue has been mutated to a stop codon) expressed well, but exhibited apparently higher molecular mass in SDS-PAGE gels (Fig. 2b ) in constructs both with the voltage sensor, and pore-only constructs. The observation that the locations of SDS-PAGE bands do not correlate precisely with molecular mass is not unusual for membrane proteins in general (Rath et al. 2009 ) and also specifically for sodium channels (Powl et al. 2012; McCusker et al. 2012) ; mass spectrometry confirmed their identity as NsvBa (data not shown).
In both the disordered and helical neck models, the coiled-coil helix was predicted to extend from residue 250 to just prior to the end of the sequence. In all three truncations, the calculated number of helical residues removed correlated well with the predicted helical residues removed (Table 1), indicating that this entire region is helical, and likely forms the predicted coiled coil. For the Δ239 and Δ234 constructs, the helical neck model predicts the removal of 39 and 40 helical residues, respectively. In each of them, a large helical segment, stretching from 250 to 238, as well as a small disordered segment, 237-234, would be removed. In the disordered neck model, the same region is almost entirely disordered, and the model predicts that only 27 and 28 residues are helical of the total 43 and 38 residues removed by truncation at these positions (Fig. 5b) . Calculations of the helical contents were within one standard deviation of the calculated changes in the percentages of helix in the disordered neck model of the NsvBa C-terminus, for both the Δ239 and Δ234 constructs (Table 1) , but differed significantly from calculated changes for the helical neck. This provided strong evidence that the NsvBa the neck region is disordered, consisting of approximately 16 residues, as in the Fig. 4 disordered neck model.
The possibility that NsvBa could transition between the two models was also considered. If the presence of the coiled coil stabilized the neck region in a helical conformation, then complete removal of the coiled coil in Δ250 could have resulted in the neck region shifting from a helical to a disordered conformation. This would have been observed as the loss of 40 helical residues in Δ250 as compared to the fulllength C-terminus; however, this was not observed. It was also possible that the C-termini exist as a mixed population of helical and disordered neck regions within the sample. This would have been observable as the calculated number of residues removed being somewhere between the predictions for the two models, as the residues removed could be considered to be partially helical. As the calculated number of helical residues removed were within one standard deviation of the predictions based upon the disordered neck model, this offers no support for either helical-disorder transition hypothesis under the conditions used in the present study, where the open/closed state of the pore is unknown. The results may suggest that like NavMs, the NsvBa channel is in the open conformation. It is possible that the neck could undergo a structural change associated with the conformational state of the channel. However, this is not yet testable since to date no means has yet been found to produce a specific conformational state for any of the sodium channels, and the secondary structures (but not tertiary structures) of the open and closed states are the same despite a rotation about one residue in the S6 helix that alters the opening of the intracellular side of the pore (McCusker et al. 2012 ).
Discussion
The SRCD spectroscopic analyses in this study have indicated that the neck region of the CTD of the NsvBa channel consists of approximately 16 disordered residues, with the remaining 27 residues in a helical structure, mostly likely a coiled coil. The distal coiled coil is predicted for all known prokaryotic Nav orthologues (Fig. 4) and may have a role in stabilizing the tetrameric channels, but such a structure is not found (or necessary) in eukaryotic Navs, which are formed of single polypeptide chains; this is a major difference between human and bacterial channels. Unlike eukaryotic C-termini, which are proposed to play a role in fast inactivation, prokaryotic Navs have only been observed to undergo slow inactivation processes. It has been shown that the coiled coil structure is not essential for membrane insertion or tetramer assembly, but may be involved in stabilizing the tetrameric structure (Mio et al. 2010; Powl et al. 2010; Bagnéris et al. 2013) . It has been proposed that the flexible neck region could play a role in regulating in the opening and closing of the pore (Bagnéris et al. 2013) , by enabling the splaying of the C-terminal ends of the S6 helices without interrupting the hydrogen bonds present in an ordered structure. This would enable a faster and energetically less costly channel conformation change during gating. During channel gating, the neck could act like a spring or tether separating the stabilizing coiled coil from the moving S6 helixes. While the conflicting predictions for disorder and helical structure within the neck region of NsvBa support this hypothesis, such predictions were not observed in any other structurally characterized channel. Additionally, no evidence for a helix-to-disorder transition of this region in NsvBa was observed under the conditions of this study, even upon truncation of the coiled coil, nor did the results suggest a mixed population of helical and disordered conformations of the neck region within the sample. However, under the conditions used (detergent micelles) there is no driving force such as an ion gradient, to initiate such a transition between conformational states, which would be the likely instigator for any change in the secondary structure within the CTD neck region. This lack of driving force for conformational change is also true for the other crystallographic or spectroscopic studies of the prokaryotic channels, as all of them also utilized detergent micelles or bicelles to maintain channel solubility. Detailed studies involving subtle changes such as the ones described in this work would not have been feasible in lipid bilayers due to scattering/ absorption flattening artifacts present in membrane samples (Wallace 2009 ). The results obtained in this study are consistent with the NsvBa pore being in the open conformation (such as NavMs, which also has a disordered neck region), although it is possible that opening/closing of the pore could modify the conformation of the neck to that seen in the closed state structure of NavAe (the wild type of which, curiously, shows no conductance, suggesting that the closed conformation is highly stable under the experimental conditions used in that study). Assessment of this, however, will await production of corresponding open and closed crystal structures for those orthologues.
